Abstract-This paper introduces a method to generalize the Active Impedance Estimation (AIE) fault location method for Shipboard Power Systems (SPS.) In the proposed method short-duration high-frequency voltage sources are employed at selected buses and voltage/current measurements are taken at specific shipboard power system busses and the effect of the applied sources are observed for the purpose of fault location. The goal is to obtain the minimum number of voltage sources and measurements that observe all the faults of interest that occur in the SPS. In contrast with the conventional AIE method, the proposed approach in not restricted to lateral branches and can be applied to interconnected SPSs. The fault location method does not interfere with the system's normal operation due to the applied high frequency(s) and thus superposition is used in the analysis. This approach reduces the number of measurement devices for fault location in the SPS which results in significant cost reduction. The proposed method is then applied to a SPS in simulation using MATLAB/Simulink to show the effectiveness of the approach.
I. INTRODUCTION
The power in the Shipboard Power Systems (SPS) is produced by multiple generators that are normally placed in a ring configuration [1] - [7] . Usually, there are two kinds of loads in the SPS: vital loads and non-vital loads [1] - [5] , [8] , [9] . Navigation, communication, operation and weapons are examples of the vital loads while lightening and air conditioning systems are part of the non-vital loads [1] - [4] , [6] , [8] , [11] . The SPS aims at supplying energy for both types of loads. Due to the ship critical operating condition, faults can be very detrimental [12] . Faults in the SPS may happen because of failure of electrical components or by damages that happen during a battle [1] - [4] , [6] , [8] , [10] . In the faulted condition, the system is not able to supply electrical energy to the loads. The SPS needs a comprehensive protection system in order to detect the exact location of the fault and use some alternate path to supply energy to the unfaulty loads [6] , [8] , [10] . It is important to note that the fault location mechanisms need not be as fast as the protective mechanisms that disconnect in milliseconds. Rather, the fault location algorithms capture the fault data quickly and try to locate the fault in a reasonably short time to redirect the electric power to the vital loads. There are three main protection schemes in power system: overcurrent, distance, and differential [7] , [11] .
The cables lengths in the SPS are normally shorter (about 10-200 feet long [11] ) than in the large distribution 1 grids and thus the impedances of the cables are small (about 0.04/1000 feet [11] .) Using distance protection in shortlength power systems is impractical because the impedances of the cables are too low to detect with small error. An improved distance scheme can be utilized to detect faults in short-length cables. The Active Impedance Estimation (AIE) fault location method [13] utilizes a highfrequency voltage at a bus in the electric system and measures the injected current followed by calculating the impedance at that frequency. A higher frequency adds resolution to the cable impedance and makes fault location easier in the shipboard power systems. In the AIE method when the system is exposed to the fault, a short duration voltage will be utilized in order to find the impedance of the system seen from the injection bus and locate the fault. This method has been applied only to radial distribution systems. This method uses the value of measured impedance to locate the fault [13] , [15] . Though the available AIE can distinguish between far and close-up faults, it can be mainly utilized in lateral branches where the Thevenin equivalent impedance is equal to the cable impedance and is proportional to the fault distance. Thus, in interconnected systems, such as shipboard power systems with ring topology, the available active impedance estimation method has topological limitations.
Another conventional fault detection and location method is overcurrent scheme. The main power of the SPS is produced by multiple generators. Having a multiple power supplies causes a complex overcurrent protection in the system that requires time delay in order to avoid over tripping [7] . Due to cables short lengths, SPS is considered a highly coupled electric system; that is, if a fault occurs in one point of the system and a quick detection and isolation is not provided by the protection system, the fault will propagate through the entire system in a short period of time and can cause catastrophic consequences [1] . Thus, using only the conventional overcurrent protection mechanisms is impractical in the shipboard power system due to short cables, time-delay requirements, and multiple supplies, that complicate the overcurrent detection scheme [7] , [11] . Overcurrent protection, however, can be employed as a safety feature to increase protection capabilities in addition to another protection scheme.
Differential protection scheme, on the other hand, works properly in the system with short cables. Differential relays compare the entering current to the protected equipment with the current that leaves the equipment. If these two currents are not equal indicating that there is a fault in the protected equipment, the relay trips [7] , [11] . In this method each piece of equipment in the SPS requires a differential relay to locate the fault effectively. Also, a comprehensive communication system between all protected zones and pertinent equipment is needed in order to cover the entire SPS, appropriately. Vulnerability of the communication system to fault highly reduces system reliability [9] , [13] . Moreover, the approach is costly since it requires numerous differential relays and a comprehensive communication infrastructure.
Therefore, there is a need to develop a more efficient fault location scheme to locate all the faults that occur in the shipboard power system with low cost. This paper introduces an economical and reliable fault location scheme for the SPS. This method requires short-duration voltage application(s) with high frequency(s) in fault condition and observation of the changes in voltages and currents of the system buses due to the fault. Changes in the voltage and current in the measurement point are indicators of the location and magnitude of the fault. Different faults may have similar effects on the voltage and current at a measurement point. In this case, multi-estimation occurs [14] . Thus, the system needs multiple voltage application and/or measurement points to have unique data for each fault. The goal is to minimize the number of the voltage applications and measurements and to find their optimal places in the system in order to uniquely identify each fault. In this paper, three-phase symmetrical faults are analyzed; however, the proposed method can be generalized to other types of faults.
The rest of the paper is organized as follows. In Section ΙΙ, the structure of shipboard power system is explained. Next, in section ΙΙΙ, the proposed methodology is elaborated. In Section IV, simulation results are presented by applying the proposed algorithm on an 11-bus SPS. Finally, concluding remarks are given in Section V.
II. SHIPBOARD POWER SYSTEM STRUCTURE
Shipboard power system uses three-phase generators that are in a ring configuration and generally work at 60 Hz to generate AC voltage for the system. Generators are in a ring configuration in order to have alternative paths for vital loads from different generators. It enables the system to supply power to vital loads when the normal path from the main generator is defective or destroyed [1] - [5] , [8] . Figure 1 shows single-line diagram of an 11-bus SPS [4] . This system consists of four three-phase main generators in a ring configuration operating at 60 Hz. In this system, vital loads have an alternative path in addition to the normal path from other generators to receive energy from sources in fault situations. The vital loads use either Automatic Bus Transfer (ABT) or Manual Bus Transfer (MBT) to choose an unfaulty path to receive the energy from the generators [1] - [6] , [8] . In normal condition ABT/MBT connects the normal path to the load. When the fault occurs ABT/MBT disconnects the normal path and connects the alternative path.
III. METHODOLOGY
This paper proposes to observe the effect of each fault on the voltage or current of a specific measurement bus when the voltage with high frequency is applied to the system at an injection bus in order to detect the location of the fault. For convenience, here the term injection bus is referred to the bus where the high-frequency voltage is applied. In addition, the measurement bus is used to address the bus where the voltage or current is measured. It is important to mention that the injection bus may or may not be the same as the measurement bus. In addition, more than one injection and measurement bus may be utilized. In this sense the proposed approach generalizes the conventional active impedance estimation fault location method [13] , [15] . Each fault may have a different effect on the voltage or current of a specific measurement bus. The goal of this paper is to find optimal places for the injection and the measurement buses to have unique effects on the measured voltage and/or current. Subsequently, these unique effects are referred to a specific fault to detect the exact location of fault.
Since SPS is working at 60 Hz, voltage injection(s) and measurement(s) should be applied at higher frequency to avoid interference with the protection system. That is, superposition can be used for the analysis since the fault location algorithm is working separately from the normal operation of the system. Fault location algorithm does not see the voltage that is produced by main generators at 60 Hz but it still can detect the fault.
The proposed fault location algorithm
Suppose that I is the number of the bus that has the voltage injection, M is the number of the bus that has the measurement, and F is the number of the bus that is faulty. In this case and I are difficult to detect. Table I shows the simulation results for the system presented in Fig. 1 . Numbers in Table   I are the values of F that show which bus is faulty. Highlighted numbers show at which bus fault is not detectable with the selected measurement and injection buses. In the other words, faults are not detectable when relative value of
) is smaller than 0.001. The algorithm examines all the possible combinations with different values for M, I, and F to find the optimal buses for the injection and measurement that can observe all the faults (various fault impedances.) If one injection and measurement is not adequate to cover the entire system, the system requires more injection and/or measurement buses to cover all the faults. The proposed approach looks for injection and measurement buses that result in the lowest number of undetectable faults (location and impedance.)
The fault is undetectable when , given a set of injection and measurement buses. If similarity happens, the injectionmeasurement set cannot offer unique results for different faults. In this case system observes multi-estimation.
Next step is to repeat the algorithm for different combinations of injection and measurement buses along with (and possibly their frequencies) to find the optimal buses for injection and measurement in order to cover all the faults with minimum number of injection, measurement and to avoid multi-estimation. The proposed algorithm is depicted in the flowchart of Fig 6. 
IV. SIMULATION RESULTS
The 11-bus SPS in Fig. 1 is considered as the case study. The proposed algorithm is applied to this system in the Matlab/ Simulink in order to find the minimum number of injections and measurements and the best place for them to cover all the faults in the network. Algorithm examines all the possible places for measurement and injection to see which faults are covered and which ones are not covered. As shown in Table II , there are some cases with the lowest numbers (0 or 1) of undetectable faults. Zero shows that measurement on bus M can observe all the bus faults of the system when the injection is on bus I. If there is no zero in the table, system will consider more than one injection and/or measurement bus to observe all the possible faults of interest. Next, the cases with the lowest number of undetectable faults have to be checked for multi-estimation.
In other words, these cases should prove that they have unique effect on the measurement for each fault. If the measurements for some faults are the same, multiestimation has occurred, because these faults are not recognizable from one another and thus it increases the number of undetectable faults. In our simulation none of the cases in Table II involve multi-estimation. . In this scenario, all cases that have the lowest number of undetectable faults suffer from multi-estimation. That is, for higher fault
